In order to contribute for designing the implant devices with appropriate mechanical properties, fatigue properties of biomedical Ti-6Al-7Nb alloy, were evaluated through the tensile/torsional fatigue test. Fatigue properties for the tensile/torsional fatigue, the tensile fatigue, and the torsional fatigue were compared directly using equivalent stress defined by von Mises' yield condition. In the S-N plots, there were two regions showing different gradients in data and they are corresponded to the boundary of the low cycle fatigue and the high cycle fatigue. By the approximation with Basquin relation of the S-N data, elastic strain, a , and elastic shear strain, a , showed good linearity to the fatigue life. Fatigue coefficients and fatigue exponents of Basquin relation obtained by the least square method might be useful to examine fatigue life of these alloys under tensile stress, torsional stress and tensile/torsional stress.
Introduction
Because clinical cases requiring medical implants, such as artificial joints or bone plates and screws, are increasing with the advance of medical technology and the aging of the population, the need for biomedical materials for implants is increasing. To develop desirable biomedical materials, the evaluation of material properties is necessary. Mechanical testing methods have been established over a long period for biomedical and industrial materials. Tensile and fatigue tests are among the most conventional methods for testing. With these methods, axial tensile stress (or tensile/compression stress) is generally applied to material. Considering the actual mechanical applications of biomaterials, the testing methods used for simulating actual environments and situations are important. 1) A hip-joint simulator that simulates the motion of an artificial hip joint in a pseudo-physiological environment is one example. 2) From the mechanical viewpoint, the human body is under complex stresses, including tensile and torsional. Biomedical materials must have sufficient torsional and tensile strength. Because the space within a body is limited, it is important to design implant devices with appropriate mechanical properties. In addition, as some medical implant devices are used in living bodies for a long time and under applied cyclic stress, it is important to understand their precise fatigue properties, tensile fatigue properties, and fatigue properties under tensile/torsional stress. 3, 4) The fatigue life prediction is one of the important factors in the design of medical devices. In spite of these situations, there have been a limited number of reports on fatigue properties under tensile/torsional stress, [5] [6] [7] namely tensile/torsional fatigue.
In the present study, the fatigue properties of a biomedical Ti-6Al-7Nb alloy 8) widely used as an orthopedic and dental alloy 9, 10) were evaluated through the tensile/torsional fatigue test. Tensile fatigue and torsional fatigue tests were also conducted. The fatigue properties, including tensile/torsional fatigue, tensile fatigue, and torsional fatigue, were compared using equivalent stress as defined by von Mises' yield condition. 11) S-N data were approximated using Basquin relation.
Experimental

Specimens
Specimens of a Ti-6Al-7Nb alloy (Daido Steel) were used for the fatigue test. CP titanium and Ti-6Al-4V alloys (Daido Steel) were also used as references. The nominal composition of the Ti-6Al-7Nb alloy is shown in Table 1 . The general tensile fatigue properties of this alloy were reported by Akahori et al.
12) The alloys were obtained as bars hotextruded at 1173-1273 K into 10 mm from 30 mm in diameter and heat treated at 1073 K for 3.6 ks followed by air cooling. Microstructures of the alloys are shown in Fig. 1 . Average grain size of the CP titanium was around 200 mm. Microstructures of the Ti-6Al-7Nb and Ti-6Al-4V alloys showed about 5 mm equiaxed grain with outlined intergranular .
Dumbbell-shaped specimens (3 mm in diameter and 15 mm in length at the parallel portion) were machined from hot-extruded bars. Surface average roughness of specimens, Ra, measured using a laser profile microscope (VF-7500, Keyence) was 11.4 mm.
Fatigue test under tensile/torsional stress
Fatigue tests under combined stress (simultaneously applied tensile and torsional stress) were carried out using a multi-axial hydraulic servo-testing machine with axial and For the tensile fatigue test, the tensile stress in the sine waves varied from 618-62 MPa (the maximum and minimum of the stress sine waves are described in this manner hereafter) to 972-97 MPa. For the torsional fatigue test, the shear stress on the surface of the specimen varied from 600-60 MPa to 901-90 MPa.
For the tensile/torsional fatigue test, the applied load and torque waves were synchronized by applying the minimum tensile load at the minimum torque and the maximum tensile load at the maximum torque. The ratio of the tensile stress and shear stress on the surface of the specimen (with the maximum radius) was fixed at 53.3:46.7. The applied stresses varied from 462-46 MPa (tensile stress) and 404-40 MPa (shear stress on the specimen surface) to 709-71 MPa (tensile) and 619-62 MPa (shear). The maximum applied stresses of the sine waves in the tensile fatigue test and the tensile/torsional fatigue test corresponded to 70 to 110% of the tensile yield stress (0.2% proof stress) of the alloy measured in the static tensile test, while those in the torsional fatigue test approximately corresponded to 90 to 135% of the torsional yield stress (0.3% proof shear stress), as shown by the results of static torsional tests reported in a previous paper 6) for the Ti-6Al-7Nb alloy. In order to estimate the magnitude of the tensile/torsional stress from the axial load and torque, the von Mises-type equivalent stress, eq , defined by eq. (1) from the tensile and shear stress on the surface of specimens was used.
Fracture surface observation
A macroscopic observation of the fractured surface of the specimens was also carried out using a scanning electron microscope (JSM-6400, JEOL) in order to classify the morphology of the fracture surface. Figure 2 shows the S-N relations of the Ti-6Al-7Nb alloy (solid symbols) and CP titanium (open symbols) tested for tensile, torsional, and tensile/torsional stress. To compare the various types of stress, the magnitude of each type of stress was described as the equivalent stress.
Results and Discussion
Fatigue properties under tensile/torsional stress
Normal stress was uniform over the entire area of the cross section, while shear stress was distributed along the specimen's radius in the tensile/torsional fatigue test. To calculate the equivalent stress, the maximum shear stress on the outer surface of specimens was used. Gradient of the fatigue life-stress relation changed at around 10 4 of cycles (in the case of torsional fatigue, at around 10 5 ). For the lower stress fatigue (longer fatigue life), the gradient was steeper than the higher stress fatigue.
Figures 3 to 7 indicate macroscopic observations of the fractured surface of Ti-6Al-7Nb alloy specimens. As shown in Fig. 3 , cup and cone type fractured surface was observed on the tensile fatigue specimen applied 707-71 MPa of tensile stress wave, which is relatively higher stress. Some of the specimens submitted to the tensile fatigue test had a Vshaped fractured surface, which was typically observed in Maximum equivalent stress (MPa) Fatigue Life Prediction of Biomedical Titanium Alloys under Tensile/Torsional Stresslow-stress tensile/torsional fatigue tests, as will be described later.
In torsional fatigue, two types of fracture were observed.
Step-shaped fracture surface, which consists of two half circles surface (crosswise to specimen's length) and a flat surface (parallel to the length), was observed in the relatively low torsional stress (667-67 MPa of shear stress on the surface) specimens, as shown in Fig. 4 . On the other hand, a crosswise round fractured surface normal to the length, which is a typical fracture in static torsional tests, 6) was seen in specimens under relatively high stress, as shown in Fig. 5 (834-83 MPa). Figures 6 and 7 show the two typical fractured surfaces of tensile/torsional fatigue tests with relatively low stress, i.e., 555-56 MPa of normal stress and 485-49 MPa of shear stress and high stress, i.e., 709-71 MPa of normal stress and 619-62 MPa of shear stress, respectively. The former exhibits a V-shaped fractured surface, and the latter, a screw-shaped fractured surface. The latter is also typically observed in tensile/torsional static tests.
The morphology of the fractured surface noted above is categorized in Table 2 . It is clear that relatively high stress tends to produce a fractured surface similar to that resulting from static tests, such as tensile, torsional, and tensile/ torsional tests.
6) The specimens showing a high-stress fracture surface were plotted with solid symbols in S-N data of the Ti-6Al-7Nb alloy in Fig. 8 . The boundaries of different fracture surfaces showed good correspondence to the boundaries of fatigue with high stress and that with low stress. Step-shaped fractured surface of torsional fatigue test specimen applied 667-67 MPa of shear stress on the surface. In general, the fatigue life consists the crack initiation, the crack propagation and the failure at the final cycle. For the specimens applied higher stress which was higher than their yield stress, the failure occurred after short fatigue crack propagation in the final cycle. It is resulted in the morphology of the fractured surface similar to static tests. On the other hand, specimens applied lower stress can survive until long fatigue crack propagation and show typical fatigue fractured surface. In other words, the morphology of the fractured surface was classified by the length of fatigue crack propagation before final failure. It is considered to correspond to the change of the gradient of the fatigue life-stress relation as shown in Fig. 8 .
As shown in Fig. 4 , step-shaped surface was seen on the specimens in the low stress torsional fatigue test. Hoshide et al. also reported a longitudinal fatigue crack in the torsional fatigue test of the Ti-6Al-4V alloy, 5) which is assumed to become a flat plane when the specimens eventually rupture. No clear striation was observed in the present study with the use of electron scanning microscopy.
Approximation with Basquin relation of S-N data
To evaluate the total stress amplitude, a , from the S-N curves, the following Basquin relation was widely used.
0 f is the fatigue strength coefficient, which is obtained by extrapolation of the S-N curves to the half cycle (2N f ¼ 1) , and b is the fatigue strength exponent of the S-N curves. This equation is known to generally fit both high stress fatigue and low stress fatigue. For a proper description of the high stress fatigue region, the relation between the plastic strain amplitude, " ap , and the number of fatigue cycles, N f , is used effectively. This relation is called the Coffin-Manson relation and is described as follows:
where " 0 f is the fatigue ductility coefficient that is obtained by extrapolating the Manson-Coffin curves to the first half-cycle (2N f ¼ 1) and c is the fatigue ductility exponent.
The total strain amplitude in the fatigue is divided into two components, plastic strain amplitude and elastic amplitude. The latter is redrawn in the stress amplitude by Hooke's law (" ae ¼ a =E). The fatigue life curves are written with the total strain, " at , as follows, Figure 9 shows the S-N data approximated with Basquin relation, which represent the relation between the total strain and the fatigue life of CP titanium, the Ti-4Al-4V alloy, and the Ti-6Al-7Nb alloy after the tensile fatigue tests. The plots of each alloy show good linearity. From the least-squares plots, the following coefficients and exponents are obtained. Even the Ti-6Al-4V alloy showed a slightly smaller gradient of the data plot. The other two alloys showed a closed gradient (corresponding to the exponent) and exhibited a large difference in the fatigue strength coefficients, which resulted in a different fatigue life. The Ti-6Al-4V and Ti-6Al-7Nb alloys are known as high-strength titanium alloys. They show a longer fatigue life with large fatigue strength coefficients.
The relation between the total shear strain on the surface of the specimens and the torsional fatigue life is shown in Fig. 10 . From these approximations, the coefficients and exponents for the shear stress amplitude can be estimated as follows: Maximum equivalent stress (MPa) Figures 11 and 12 also show the approximation with Basquin relation of the tensile/tortional fatigue life data versus the total strain and total shear strain on the surface of specimens. All of the data exhibited good linearity, proving the effectiveness of the S-N Plots relative to the tensile/ tortional fatigue life data. From these data, the fatigue strength coefficient, fatigue shear strength coefficient, fatigue strength exponent, and fatigue shear strength exponent were estimated as follows: In spite of the approximation with a limited number of data plots, each alloy showed closed exponents for axial strength and shear strength, except for CP titanium. In conclusion, it is suggested that these coefficients and exponents of the Basquin relation might be useful to predict the fatigue life of these alloys under tensile, torsional, and tensile/torsional stress.
Conclusion
Fatigue tests under tensile/torsional stress were carried out using Ti-6Al-7Nb alloys and conventional biomedical alloys. In the S-N plots, there were two regions showing different gradients in the fatigue life-stress relations. The morphologies of the fracture surface also corresponded to stress fatigue and low stress fatigue.
From the S-N data approximation with Basquin relation the total strain, " t , and total shear strain, t showed good linearity with the fatigue life. The fatigue coefficients and fatigue exponents of the Basquin relation obtained by the least-squares method might be useful to examine the fatigue life of these alloys under tensile, torsional, and tensile/ torsional stress. It is suggested that these coefficients and exponents is useful to predict the fatigue life of these alloys under tensile, torsional, and tensile/torsional stress.
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